Abstract. Deflection missions to near-Earth asteroids will encounter non-negligible uncertainties in the physical and orbital parameters of the target object. In order to reliably assess future impact threat mitigation operations such uncertainties have to be quantified and incorporated into the mission design. The implementation of deflection demonstration missions offers the great opportunity to test our current understanding of deflection relevant uncertainties and their consequences, e.g., regarding kinetic impacts on asteroid surfaces. In this contribution, we discuss the role of uncertainties in the NEOTωIST asteroid deflection demonstration concept, a low-cost kinetic impactor design elaborated in the framework of the NEOShield project. The aim of NEOTωIST is to change the spin state of a known and well characterized near-Earth object, in this case the asteroid (25143) Itokawa. Fast events such as the production of the impact crater and ejecta are studied via cube-sat chasers and a flyby vehicle. Long term changes, for instance, in the asteroid's spin and orbit, can be assessed using ground based observations. We find that such a mission can indeed provide valuable constraints on mitigation relevant parameters. Furthermore, the here proposed kinetic impact scenarios can be implemented within the next two decades without threatening Earth's safety.
Introduction
Near-Earth objects (NEO) collide with our planet on a regular basis. Although current NEO population and impact models suggest that such impacts are unlikely to cause global catastrophes in the near future (Harris & D'Abramo 2015) it is still reasonable to establish impact threat mitigation options. Even for sub-kilometer sized objects, the potential loss of human life as well as the damage to local infrastructure and economy can more than justify an asteroid orbit deflection attempt. While many deflection options have been considered in the past, it has become more and more clear that the accurate assessment of an asteroid's physical and orbital parameters as well as their uncertainties is the key ingredient to a successful impact threat mitigation, no matter which technique is chosen (Sugimoto et al. 2014) . Current model predictions are deemed to be sufficiently 2 Eggl et al. close to reality to allow for a successful mitigation mission planning. Yet, only a practical implementation of a deflection demonstration mission can confirm this belief. Several innovative asteroid deflection demonstration concepts have, therefore, been presented to space agencies (e.g. Harris et al. 2006; Cheng et al. 2012; Mazanek et al. 2014 ).
NEOTωIST
The NEOShield consortium (Harris et al. 2013 ) has recently explored low cost deflection demo mission options capable of delivering a reasonable amount of data for model validation at minimum expense. Core to the resulting NEOTωIST concept (Drube et al. 2015 ) is the idea to use an off-center kinetic impact to change the spin state of an already well known NEO such as (25143) Itokawa. The main advantage of this approach lies in the fact that sending an expensive second spacecraft on a rendez-vous trajectory to characterize the target and observe the impact can be avoided. In fact, short term information such as the ejecta distribution produced by the impact can be observed by a fly-by vehicle and/or chasers that decouple from the impactor some time before the collision. Long term changes in the rotation state caused by the kinetic impact can be reconstructed via ground based observations and linked with mitigation parameters to a reasonable degree of accuracy, depending, of course, on the remaining uncertainties in the target's physical parameters. Conservative estimates predict a delivered impact momentum of roughly 5 × 10 3 kNs resulting in a change in Itokawa's rotational period of approximately 4 minutes (≈ 0.5%). This change is large enough to be validated with a reasonably high 'signal-to-noise ratio' (SNR > 10) within the first year after the impact using ground based observations alone (Drube et al. 2015) . However, uncertainties in the targets' physical properties and the impact delivery remain non-negligible, even for a well characterized target such as (25143) Itokawa. A conscientious evaluation of uncertainties and their consequences on the deflection mission outcome is, thus, vital, as it directly influences our ability to derive relevant parameters from observations.
The role of uncertainties in deflection demonstration missions
Even if it were possible to send explorer spacecraft as part of every deflection mission or deflection mission demonstration, our knowledge of key parameters such as the asteroid's mass and subsurface structure would never be perfect. This may not be particularly problematic, as the remaining uncertainties simply need to be accounted for in the deflection planning. Depending on the available warning time and resources devoted to an actual deflection attempt, relatively large uncertainties can be acceptable as long as deflection success, i.e., a minimum miss distance with respect to the Earth, is guaranteed (Sugimoto et al. 2014 ). How about asteroid deflection demonstration missions? For one, uncertainties need to be quantified and, if possible, constrained in order to guarantee a validation of the effect. In other words, uncertainties in the target's observables must not be larger than the change imparted by the demonstration mission. If one attempts to derive deflection parameters such as the momentum enhancement factor, β (Holsapple & Housen 2012), from the effective change of a demo mission target's spin state, for instance, achieving a high SNR between the difference in rotation periods and its uncertainty becomes a necessity. A study of uncertainties regarding the impact delivery, Itokawa's topography, and the location of its spin axis and consequently its moments of inertia shows that a NEOTωIST concept realization should permit to measure β with a relative precision better than σ β /β ≈ 0.3 using ground based observations alone. For more details on this topic we would like to refer the reader to Drube et al. (2015) . Apart Uncertainties in NEO deflection demo missions 3 from impact validation and parameter estimation, uncertainties also play a fundamental role in post mitigation impact risk assessment (PMIRA) (Eggl et al. 2015) . Changes in the target's orbit caused by the deflection demonstration are not supposed to increase the impact probability with respect to the Earth in the foreseeable future. If a deflection demonstration mission is subject to large uncertainties, a risk analysis has to be performed in order to dispel planetary safety concerns. Of course, the primary goal of the NEOTωIST concept is to change the spin state of the target asteroid. However, an off-center impact will alter the target's heliocentric orbit as well. In order to discuss the relevant uncertainties for a kinetic impactor-based mission such as NEOTωIST, and to see how these may affect the target's heliocentric orbit, let us briefly recall the following equation (Scheeres et al. 2015) :
where ∆ V denotes the change in the asteroid's velocity vector and ∆ v the velocity of the impactor spacecraft relative to the target. The masses of the asteroid and the spacecraft are represented as M and m, respectively. Furthermore,n represents the asteroid surface normal vector at the impact location (of unit size),nn is the dyadic product of the same and I denotes the unit dyade (equivalent to the identity matrix, i.e. I v = v I = v). Equation (3.1) describes the direct momentum transfer due to the kinetic impactor as well as the indirect momentum transfer due to the ejecta. The latter is assumed to be in the direction of the asteroid surface normal at the location of the impact with a magnitude that scales with the momentum enhancement factor β. When β = 1, neither the impactor nor any ejecta escape and only the momentum of the impactor is transferred to the asteroid. In case ejecta are produced that are fast enough to escape the asteroid's gravitational well, laboratory experiments and simulations suggest, that β may be substantially larger depending on the impact as well as the regolith, surface and subsurface properties of the target (Jutzi & Michel 2014; Holsapple & Housen 2012) . Some of those material properties were not acquired during the Hayabusa mission (Yoshikawa et al. 2006 ) to (25143) Itokawa, the primary NEOTωIST target, and it is very difficult to gather such data from ground-based observations. Hence, our estimates of β will contain a significant amount of uncertainty. In fact, all quantities in equation (3.1) have uncertainties associated with them. The precision of the mass of (25143) Itokawa, for instance, is not better than 3-5% Abe et al. 2006) . Uncertainties in the asteroid's velocity, V come form the asteroid's orbit uncertainty at the time of the impact. Even the direction of the surface normal,n at the location of the impact is difficult to predict, since limitations in guidance, navigation and control (GNC) of the impactor can only guarantee that the impactor hits the asteroid within a certain area (25 m × 25 m) rather than at a certain spot. As the surface normal orientation varies on smaller length scales, the direction of the ejecta becomes uncertain; see Figure 1 . The uncertainties of surface normals in the GNC confidence area have to be taken into account as well to determine, for instance, the optimum location for an impact that changes Itokawa's spin. They also add to the control uncertainty associated with a kinetic impact (Scheeres et al. 2015) . The blue triangle and the green circle in Figure 1 indicate the difference between impact locations when maximizing only the achievable torque based on the local surface normal at the impact point (green circle) or when maximizing the achievable torque whilst minimizing the surface normal variance (blue triangle). In the latter case, a part of the achievable torque is sacrificed to limit uncertainties. For details see Drube et al. (2015) . All of the uncertainties that have been described qualitatively in this section are relevant to assessing both, the probable change in Itokawa's spin state and its heliocentric orbit. In the following section we aim to investigate the influence of those uncertainties on the future impact risk of (25143) Itokawa.
Post Mitigation Impact Risk Assessment
The goal of this section is to quantify probable uncertainties that occur in five NEOTωIST mission scenarios for the target asteroid (25143) Itokawa. Furthermore, we perform an impact risk re-assessment for Itokawa, taking the changes in the asteroid's orbit into account that have been produced by the kinetic impact. The five mission scenarios under investigation are summarized in Table 1 . Our post mitigation impact risk assessment (PMIRA) takes the following uncertainties into account:
• Itokawa's mass and orbit uncertainties at the time of the impact, • variations in the topography of the impact area,
• as well as the impactor mass uncertainty that is due to possible malfunctions of the release mechanisms of the flyby vehicle or cube-sat chasers. The PMIRA process is then performed as follows: First, uncertainties relevant to the change of the heliocentric orbit of (25143) Itokawa are quantified. The resulting uncer- tainty domain is sampled through many possible realizations (clones) of the dynamical system after the kinetic impact. All clones are propagated over a certain time span to check for possible impacts with the Earth. If no impacts are detected, the statistical changes in the minimum encounter distance (MED) between the asteroid and the Earth are surveyed and discussed. The relevant parameter ranges and uncertainties can be quantified as follows: Itokawa's mass range is 3.51 ± 0.104 × 10 10 kg ). The impactor is assumed to have masses between 520 kg and 640 kg (nominal 520 kg) depending on whether or not all observational equipment that is to be launched prior to the impact is released correctly. Equation (3.1) dictates that both, magnitude and direction of the impactor, as well as of the ejecta have to be considered to correctly calculate the change in the target asteroid's momentum. While the direction of the impactor was fixed according to the scenario specifications in Table 1 , the direction of the net ejecta momentum vector (EMV) was drawn from a uniform distribution in a cone with an opening angle of 2φ = 46 deg around the local surface normal. † The latter number was chosen in accordance with the variance of the surface normals close to the impactor target areas, see Figure 1 . Thus, the uncertainty in the local topography is accounted for. The length of the net EMV was scaled to match an overall β factor range between 1.2 and 3.5 (nominal 2) (Jutzi & Michel 2014) . Orbital elements and their covariances, i.e., uncertainties for (25143) Itokawa, were taken from JPL's small body data base (Chamberlin & Yeomans 2010) . The combined covariance matrix of all uncertainties was sampled with a total number of 1000 clones per run along the largest Eigenvector of the covariance matrix between ±3σ (Extended Line of Variation, e.g., Spoto et al. 2014) . Orbit uncertainties were assumed to have Gaussian probability densities, whereas the mitigation relevant parameters were drawn from uniform distributions (Eggl et al. 2015 ). An overall mission failure probability of 10% was assumed. First, Table 1 .
we considered the non-deflected (untouched) case where only orbit uncertainties play a role. The subsequent calculations contained the scenario-derived kinetic impact including all previously described uncertainties. All cases were propagated up through January 1 st , 2105. The corresponding dynamical model included the planets of the Solar system, the Earth-moon, the Pluto-Charon system as well as the BIG16, i.e., the 16 most relevant perturbing asteroids as listed in the JPL-HORIZONS system (e.g. Giorgini 2015) . Post-Newtonian corrections were incorporated as discussed in Eggl et al. (2015) . Our results are presented in Figure 2 as well as in Table 2 . One can see that none of these scenarios are capable of increasing the Earth-to-Itokawa miss distance for all future close encounters. Scenarios 1, 2 and 3 are, nevertheless, acceptable from a planetary safety perspective as they increase the (global) MED between Itokawa and the Earth, i.e., the MED during the closest approach in the year 2071. In contrast, the distance between Itokawa and the Earth would most likely shrink, if Scenarios 4 or 5 were chosen. The kinetic impact-induced changes in the MED in both cases are of the order of a hundred kilometers during the close encounter in 2071. As the actual distance between Itokawa and the Earth at that time is more than 10 LD, the corresponding Palermo Scale values remain negligibly small. Scenario 1 would result in the largest increase of the minimum encounter distance between Itokawa and the Earth, while Scenario 5 yields the largest decrease.
Summary and Conclusions
In this work we have investigated the role of uncertainties in the NEOTωIST asteroid deflection demonstration concept. In order to predict changes in the target asteroid's orbit and spin state, uncertainties had to be taken into account. Applying a probabilistic approach we have simulated the outcome of five different NEOTωIST mission scenarios with the aim to see whether the change in the target asteroid's heliocentric orbit -a byproduct of the change of the spin state -yields an increased risk of collision between (25143) Itokawa and Earth during a future encounter. None of the five NEOTωIST mission designs proposed in this article would threaten planetary safety if implemented. Early launch and impact scenarios (S1-S3) even offer the possibility to enlarge the close approach distance between Itokawa and Earth slightly in 2071.
